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Suppressing electron scattering is essential to achieve high-mobility two-dimensional electron sys-
tems (2DESs) that are clean enough to probe exotic interaction-driven phenomena. In heterostruc-
tures it is common practice to utilize modulation doping, where the ionized dopants are physically
separated from the 2DES channel. The doping-well structure augments modulation doping by pro-
viding additional screening for all types of charged impurities in the vicinity of the 2DES, which
is necessary to achieve record-breaking samples. Despite its prevalence in the design of ultra-high-
mobility 2DESs, the working principles of the doping-well structure have not been reported. Here
we elaborate on the mechanics of electron transfer from doping wells to the 2DES, focusing on
GaAs/AlGaAs samples grown by molecular beam epitaxy. Based on this understanding we demon-
strate how structural parameters in the doping well can be varied to tune the properties of the
2DES.
Two-dimensional electron systems (2DESs) offer a
unique platform to investigate many-body electron
physics. This is because at low enough temperatures
where the kinetic energy of the electrons in the 2DES
is determined by the Fermi energy, the 2DES den-
sity can be tuned in an experimentally accessible range
so that the Coulomb and/or exchange interactions be-
come prevalent. Additionally, the kinetic energy of the
2DES can be quenched to even lower values by apply-
ing a perpendicular magnetic field which quantizes the
2DES energy into Landau levels, further strengthen-
ing the influence of electron-electron interactions. In-
deed, many intriguing phenomena that cannot be ex-
plained in the single-particle picture have been observed
in 2DESs, some notable examples being the fractional
quantum Hall effect [1, 2], Wigner solid formation [3–
5], stripe/nematic phases [6–9], negative compressibility
[10, 11], ferromagnetism [12], and correlated insulating
behavior/superconductivity [13, 14].
Not all 2DESs display such intriguing characteristics.
A critical factor in determining the viability to exhibit
many-body effects in 2DESs is the ‘cleanliness’ or qual-
ity of the system. In epitaxially-grown 2DESs, a historic
achievement in this regard was the invention of modula-
tion doping, which separates the ionized dopant atoms
from the 2DES [15]. This significantly suppresses the
amount of scattering the electrons in the 2DES experi-
ence and thus enhances the 2DES quality, often quan-
tified by the low-temperature mobility and the strength
of many-body states. Of course, the number of resid-
ual background impurities must also be minimized to at-
tain ultra-high sample quality, and continuous efforts are
made to purify of the source material used in ultra-high
vacuum deposition chambers [16–19].
For samples grown by molecular beam epitaxy (MBE),
in addition to implementing modulation doping and hav-
ing clean source materials, another structural modifica-
tion, commonly coined as the ‘doping well’, is generally
used to achieve record-mobility 2DESs. Invented by our
group in 1991 [20], the doping-well structure (DWS) had
an immediate impact on sample quality for both single-
sided [21] and double-sided-doped GaAs 2DESs [22]. The
emergence of delicate and exotic many-body phases ob-
served in these samples was a direct consequence of the
DWS design scheme. Such a DWS improves standard
modulation doping by providing extra screening for both
the residual and intentional dopant impurities in the sam-
ple, significantly reducing electron scattering events in
the 2DES [23, 24]. Despite its widespread use since its
inception to achieve ultra-high-quality 2DESs, the work-
ing principles of the DWS are still rather obscure. In
this work, we provide a detailed explanation of the elec-
tron transfer process in GaAs/AlGaAs samples employ-
ing the DWS, and demonstrate how it can be controlled
by changing the structural parameters.
It is useful to review the standard modulation dop-
ing process before describing how the DWS provides
electrons to the 2DES. Figure 1(a) shows a schematic
conduction-band diagram in the vicinity of a typical
GaAs/AlGaAs 2DES. In this 2DES, Si is the most com-
mon dopant of choice, and as illustrated in the figure,
the dopants are placed in the gray regions which are sig-
nificantly distanced from the 2DES itself. The design of
the doped region is where the standard modulation dop-
ing and DWSs differ. As shown in Fig. 1(b) [25], for
standard modulation doping the energy difference ∆E
between the dopant energy in the AlGaAs barrier and
the ground state of the GaAs quantum well is the pri-
mary driving force for electron transfer. The density of
the 2DES is related to ∆E by n ' 2(∆Eb/se2) assum-
ing double-sided doping; here s is the spacer thickness,
e is the fundamental electron charge, and b is the di-
electric constant of the barrier [26–28]. Since Si acts as
a hydrogenic donor in AlGaAs [26], the 2DES density
is then mostly determined by the conduction-band offset
between AlGaAs and GaAs in the standard modulation-
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2FIG. 1. (a) Schematic conduction-band diagram for a
2DES prepared in a GaAs quantum well flanked by Al-
GaAs barriers. Si acts as an electron donor and pro-
vides electrons to the 2DES channel via modulation dop-
ing. (b) Schematic conduction-band diagram for a standard
modulation-doped heterostructure. Donor electrons transfer
from the AlGaAs barrier to the GaAs 2DES channel because
of the conduction-band offset between the two materials. (c)
Schematic conduction-band diagram for a DWS with a bar-
rier Al alloy fraction of 24%. The Γ-band is denoted by the
solid black line and the X-band by the dashed red line. The
ground state energy E0 of the doping well is shown in black
and that of the cladding well is shown in red. Here, the do-
nated electrons transfer to lower points of energy in the struc-
ture including the AlAs cladding quantum wells and the GaAs
2DES channel (not shown) because the strong confinement of
the narrow wells pushes E0 of the doping well up to high
values.
doped structure.
In a DWS, the dopants are placed in a quantum well
with a narrow well width rather than in the barrier. In-
stead of utilizing the conduction-band offset between two
different materials, the DWS takes advantage of the large
difference between the confinement energies in the nar-
row and wide quantum wells to transfer electrons to the
2DES channel. Although this energy difference alone is
enough to push donor electrons toward the 2DES chan-
nel, in ultra-high-quality samples the doping wells have
additional layers grown on their flanks as shown in Fig.
1(c).
As depicted in Fig. 1(c) [25], for the case of
GaAs/AlGaAs 2DESs, narrow AlAs wells are grown di-
rectly adjacent to the GaAs doping well. These ‘cladding
wells’ are beneficial because they host electrons that
can screen the electric fields emanating from the ionized
dopants in the doping well and other residual impurities
[23, 24]. It is necessary for the doping and cladding wells
to have their respective conduction-band minima at dif-
FIG. 2. (a) Schematic conduction-band diagram of the DWS
with a barrier Al alloy fraction of 24% when the dopant con-
centration is increased. Here the Si doping density is the total
doping density from both sides of the structure. Although the
ground state energy (E0) values stay the same, the increased
concentration of Si increases the EF of the doping well to a
slightly higher value of EF
′. This in turn increases the den-
sity in the 2DES channel. (b) Measured 2DES density (black
squares) and mobility (blue circles) in our 30 nm wide GaAs
quantum well as a function of Si doping concentration in the
doping well at T ' 0.3 K. The dashed line denotes a linear
fit to the black data points with a slope of ∼ 0.008 and an
intercept of ∼ 2.68× 1011 cm−2 .
ferent places in the Brillouin zone, as this enables the
ground state energy of the doping well to be higher than
that of the cladding wells. Figure 1(c) shows that this
condition is met for the GaAs/AlGaAs system since the
conduction-band minimum is the Γ-point for GaAs while
it is the X-point for AlAs.
Following the structural description of the DWS, we
now hypothesize on how electron transfer to the 2DES
occurs. As mentioned earlier, the energy term that deter-
mines the 2DES density in a standard modulation-doped
structure is the donor level in the barrier. In the simplest
model, this is because the donor level is where the elec-
trons that transfer to the main quantum well originate
in the doped region. Comparing Figs. 1(b) and (c), it
is then reasonable to assume that the analogous energy
level for a DWS would be the quasi-Fermi energy (EF )
in the cladding well [29], as that is the energy of the elec-
trons leaving the doped region to populate the 2DES. In
the following paragraphs we will validate this hypothe-
sis by demonstrating changes in the 2DES density as we
vary the properties of the doping and cladding wells.
The most direct way to tune EF in the cladding well
is to simply vary the dopant concentration in the dop-
ing well. Illustrated in Fig. 2(a) is a specific case where
the doping concentration is increased in the doping well
compared to the case of Fig. 1(c). Increasing the dopant
concentration in the doping well increases the concen-
tration of electrons populating the cladding well, and we
would expect EF to increase to a higher value EF
′. Based
on the model presented above, this should lead to an in-
3FIG. 3. (a) Schematic conduction-band diagram of the DWS
with a barrier Al alloy fraction of 24% when the AlAs cladding
well width is increased. The ground state energy (E0) of the
cladding wells decreases, decreasing EF of the doping well to
a smaller value of EF
′, for a fixed dopant concentration. This
results in a decrease in the density of the 2DES channel. (b)
Measured 2DES density (black squares) and mobility (blue
circles) as a function of the AlAs cladding well width (wc).
The red line shows the expected 2DES density values derived
from the calculated E0 of the cladding wells.
crease in the 2DES density.
Figure 2(b) shows the measured 2DES density in
GaAs/AlGaAs doping-well samples as the dopant con-
centration is varied. All samples are Si δ-doped from
both sides of the main 2DES GaAs channel and, except
for their dopant concentration, have identical structures:
an Al0.24Ga0.76As spacer of thickness 80 nm, doping well
width of 2.8 nm, cladding well width of 2.0 nm, and
main quantum well width of 30 nm. As shown in the
figure, the 2DES density shows a roughly linear depen-
dence on the Si concentration. A least square fit to the
data yields a line with a slope of ∼ 0.008 and an intercept
of ∼ 2.68× 1011 cm−2 . The slope can be interpreted as
the Si doping efficiency, as it is a metric of how many
electrons are generated in the main 2DES for each Si
dopant atom. It is interesting to note that even includ-
ing the electrons necessary to fill up the cladding wells
when populating the main 2DES, the yield is still low,
only ' 0.22 electrons/Si atom [30]. It is possible that
the majority of the electrons are trapped in the doping
well itself, where a potential well may have formed due
to the extremely high concentration of positive charges
from the ionized dopants [31, 32]. The intercept cor-
responds to the 2DES density expected of a structure
where ∆E is solely determined by the confinement en-
ergy in the cladding well plus the conduction band offset
between the GaAs Γ-band and AlAs X-band edges with
no electrons populating the cladding wells.
The mobility values for the structures with different Si
doping are also plotted in Fig. 2(b). The trend first ex-
hibits a decline as the dopant concentration is increased
and then shows an increase as more dopants are put into
the system. The initial drop in mobility can be explained
by two factors: the increased amount of scatterers present
in the system, and the contributions from the second sub-
band. At the brink of occupying the second subband, the
availability of the states to which electrons can scatter to
suddenly increases and a decrease in mobility is expected.
After this initial offset, the normal behavior of mobil-
ity increasing as the 2DES density increases is recovered
once the second subband is substantially occupied [33].
We estimate from a self-consistent Schro¨dinger-Poisson
solver for a standard modulation-doped structure with
an identical barrier alloy fraction (x = 0.24) and main
quantum well width (30 nm) that the electrons would
start to occupy the second subband at a 2DES density of
' 3.1× 1011 cm−2 in the structures we use. Considering
the model mentioned above, it appears that the change
in mobility we observe in Fig. 2(b) as the 2DES density
increases is consistent with the second subband starting
to be occupied around this density.
Another approach to adjust EF in the doped region
is to modify the width of the AlAs cladding well (wc),
which would change its ground state energy (E0 shown
in red in Fig. 3(a)). For a fixed dopant concentration,
this change should alter EF . Such a situation is depicted
in Fig. 3(a), where wc is increased in comparison to
the GaAs/AlGaAs DWS illustrated in Fig. 1(c). Here
the larger wc decreases the ground state energy of this
cladding well and, assuming the same number of electrons
populate the cladding well, EF should come down to a
lower value EF
′ when compared to a narrower cladding
well.
The measured 2DES density vs. wc data from our
samples are presented in Fig. 3(b). The only struc-
tural variable for this series of samples was wc, while
all other factors such as spacer thickness, main quan-
tum well width, and doping concentration were kept the
same. The observed trend coincides quite well with our
model. In fact, if we assume that the samples are only
barely sufficiently doped and EF
′ is roughly equal to E0
in the cladding well, the data are in excellent agreement
with the expected 2DES density calculated using simple,
finite-potential-well calculations (red solid line in Fig.
3(b)) [34]. The mobility values do not seem to signifi-
cantly depend on wc other than the anticipated variance
following the change in 2DES density (µ ∼ n0.6) [35].
Alternatively, AlxGa1−xAs cladding wells with vary-
ing x can be used, instead of AlAs, as a means to change
EF in the DWS. For example, increasing the Ga content
in the cladding well raises its (X-point) conduction-band
minimum. Then, even with the same wc, dopant concen-
tration, and spacer thickness conditions, EF would also
be increased. Figure 4(a) portrays a schematic band di-
agram for this specific case, where a higher quasi-Fermi
energy EF
′ is drawn compared to the case of Fig. 1(c).
We plot the measured 2DES density as a function of wc
for various alloy compositions in Fig. 4(b). The black,
red, and blue squares represent data for samples with
4FIG. 4. (a) Schematic conduction-band diagram of the
doping-well structure with a barrier Al alloy fraction of 32%
when the alloy composition (x) of the cladding well is var-
ied. Introducing an alloy modifies the conduction-band of the
cladding well, changing EF of the doping well even when the
dopant concentration and cladding well width are fixed. (b)
Measured 2DES density as a function of AlxGa1−xAs cladding
well width for Al compositions x = 1.0 (black), x = 0.8 (red),
and x = 0.6 (blue).
Al composition (x) of 1.0, 0.8, and 0.6, respectively, in
the AlxGa1−xAs cladding well. We would like to note
that in some of these structures with smaller cladding
alloy compositions and well widths, the barrier Al alloy
fraction was adjusted to larger values to provide proper
confinement for the cladding wells and prevent the for-
mation of a parallel channel. For all wc values, it is clear
that decreasing the Al composition results in an increased
2DES density. This is consistent with the fact that the X-
band minimum in AlxGa1−xAs increases as x is decreased
[28, 36]. The decreasing 2DES density trend observed as
wc increases also persists for all alloy compositions, con-
firming that the working principles for DWSs discussed
earlier are generally applicable. Although it was diffi-
cult to observe a clear trend in mobility possibly due to
factors such as the variation in barrier alloy fraction for
some of the structures, all samples had mobility values
in the vicinity of ∼ 20× 106 cm2 V−1s−1 at T ' 0.3 K.
Finally, it is worthwhile to comment on the quality of
the 2DESs prepared by varying the parameters of the
DWS. Figures 5 (a)-(d) show low-temperature (T ' 20
mK) longitudinal resistance (Rxx) and Hall (Rxy) data
taken in the vicinity of the fractional quantum Hall state
at Landau level filling ν = 5/2 for two different 2DESs
with different doping well designs. The black traces in
Figs. 5(a) and (b) are taken from a wafer with wc = 1.98
nm, while the red traces in Figs. 5(c) and (d) are from
a sample with wc = 1.42 nm. In both cases the spacer
thickness was 80 nm with a doping well thickness of 2.8
nm and the cladding wells were pure AlAs (x = 1.0).
The fractional quantum Hall and reentrant integer quan-
tum Hall features observed in the data closely resemble
those reported for extremely high quality 2DESs at sim-
FIG. 5. Representative Rxx ((a), (c)), and Hall ((b), (d))
data in the vicinity of ν = 5/2 for GaAs 2DESs prepared using
doping-well structures with cladding well widths of wc = 1.98
(black traces) and 1.42 nm (red traces). The spacer thickness
is 80 nm for both samples. (e) and (f) show the temperature
dependent Rxx of the ν = 5/2 fractional quantum Hall state
for the two samples. The dashed lines denote the linear fits
used to extract the activation gap, ∆.
ilar temperatures [37]. We also measured the gap for
the ν = 5/2 fractional quantum Hall state in these sam-
ples by analyzing the activated behavior of Rxx. Figures
5(e) and (f) show Arrhenius plots for the 2DESs with
wc = 1.98 and 1.42 nm, where the measured energy gaps
are ∆ = 0.37 K and 0.32 K, respectively. These energy
gap values are comparable to the best results in liter-
ature, and we believe they can be further improved by
optimizing cooldown procedures such as light illumina-
tion [38]. All in all, our data clearly demonstrate that
DWS parameters can be tuned to achieve very high qual-
ity samples over a range of densities even while keeping
the spacer thickness fixed. This understanding provides
multiple variables to further optimize quality for a given
2DES density in ultra-high-mobility samples. It may also
be useful for the design and growth of samples that re-
quire a specific spacer thickness for its application, such
as surface modulated devices where the 2DES must be
placed a fixed distance away from the pattern.
In conclusion, we have established the working prin-
ciples of the DWSs necessary for ultra high quality in
epitaxially-grown 2DESs. The electron density in the
2DES channel can be tuned by varying the quasi Fermi
energy in the DWS, which is analogous to the dopant
energy level in standard modulation-doped structures.
5We demonstrate that this can be achieved by chang-
ing structural parameters such as dopant concentration,
cladding well width, and cladding well alloy composition.
Our data show that for DWS samples, the 2DES density
can be modified over a wide range of values for a given
spacer thickness while maintaining ultra high quality. Al-
though in this work the GaAs/AlGaAs 2DES system is
used as an example, the underlying physics of the DWS
is quite general and can be applied to any epitaxially-
grown 2DES with qualitatively similar conduction-band
characteristics.
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